Atenolol (AT) and metoprolol (ME) are antihypertensive drugs that belong to the family of selective β(1)-adrenergic receptor antagonists (β-blockers), which are widely used in the treatment of hypertension, angina pectoris, cardiac arrhythmias and myocardial infarction. 1 Due to their sedative effect, they are also used as doping agents in sports. An overdose of β-blockers may lead to bradycardia, hypotension, aggravation of cardiac failure, bronchospasm, hypoglycemia, and fatigue.
Introduction
Atenolol (AT) and metoprolol (ME) are antihypertensive drugs that belong to the family of selective β(1)-adrenergic receptor antagonists (β-blockers), which are widely used in the treatment of hypertension, angina pectoris, cardiac arrhythmias and myocardial infarction. 1 Due to their sedative effect, they are also used as doping agents in sports. An overdose of β-blockers may lead to bradycardia, hypotension, aggravation of cardiac failure, bronchospasm, hypoglycemia, and fatigue. 2 Therefore, it is necessary to develop a sensitive and simple analytical method to determine β-blockers in many fields, including doping control, forensic analysis, toxicology and pharmacokinetic study.
As a consequence of the widespread use of AT and ME, several analytical techniques have been developed for their determination in recent years, including spectrophotometry [3] [4] [5] and differential pulse voltammetry. 6, 7 However, the sensitivity of these methods was limited. The most widely used were chromatographic techniques, such as gas chromatography (GC), 8, 9 high-performance liquid chromatography (HPLC) [10] [11] [12] [13] [14] [15] [16] [17] and urtra-performance liquid chromatography (UPLC). 18 Among them, expensive columns and costly apparatus were needed, and the analysis time was relatively long.
The capillary electrophoresis (CE) technique has been developed for over 20 years, and has become a mature and wellestablished analytical tool. CE is characterized as a powerful separation technique because of its high efficiency, relatively short analysis time, and low sample and reagent consumption. As an alternative and complementary technique to HPLC for routine analysis, CE-UV has been used for AT and ME analysis. [19] [20] [21] [22] Because of the small sample volume being assayed, this method has encountered the problem of poor sensitivity, which has limited its application in practice. He et al. 23 developed an on-line ion-exchange preconcentration method for improving the detection sensitivity of CE-UV. The proposed method enhanced the detection sensitivity of CE-UV by about 5000 times for metoprolol compared with the normal electrokinetic injection.
However, the preparation of a preconcentration column was complex for a general laboratory. Thus, it is very important to develop a simple and sensitive method to detect AT and ME.
Electrochemiluminescence (also called electrogenerated chemiluminescence) is a means of converting electrical energy into radiative energy. 24 It has been proved to be a powerful analytical tool that combines the simplicity of electrochemistry and the inherent sensitivity and the wide linear range of the chemiluminescence method. 25 Among the ECL systems, tris(2,2′-bipyridyl)ruthenium(II) Ru(bpy)3 2+ -based ECL is the most valuable in fundamental studies and applications because of its stability and capability of undergoing ECL at room temperature in aqueous solutions and its regenerating during the ECL process. 26 Since the first report of Ru(bpy)3 2+ ECL in 1972, 27 Ru(bpy)3 2+ ECL as a sensitive detection method has been widely used for both analytical and bioanalytical purposes, coupled with flow-injection analysis (FIA), [28] [29] [30] 31 and CE. [32] [33] [34] [35] [36] Recently, a great number of papers about the Ru(bpy)3 2+ CE-ECL detection of amines [37] [38] [39] [40] [41] and several reviews 24, 25, 42 have been published.
The ECL emission of Ru(bpy)3 2+ /amine systems was attributable to an energetic electron-transfer reaction between the electrogenerated Ru(bpy)3 3+ and a strong reducing intermediate formed by the one-electron oxidation of amines. 43 Also, the Ru(bpy)3 2+ ECL intensity of amines could be ordered as primary < secondary < tertiary. 44 The chemical structures of AT and ME (Fig. 1) have secondary amine groups so that they can be sensitively detected by the Ru(bpy)3 2+ ECL. In the present study, CE-ECL of Ru(bpy)3 2+ was applied to separate and determine AT and ME, the factors that influence separation and detection were optimized. This method was also explored regarding a spiked urine sample analysis.
Experimental

Reagents and chemicals
Tris(2,2′-bipyridyl)ruthenium(II) chloride hexahydrate (Ru(bpy)3Cl2·6H2O) was purchased from Aldrich Chemical Co. (Milwaukee, WI, USA). Atenolol and metoprolol tartrate were obtained from Jilin Institute of Drug Control (Jilin, China). All of the reagents were of analytical grade. Double-distilled water was prepared by a Milli-Q water purification system (Millipore, Bedford, MA, USA). All solutions were prepared with doubledistilled water. Stock solutions of Ru(bpy)3 2+ , AT and ME were stored in the dark at 4˚C to avoid possible decomposition. Working solutions were prepared by appropriate dilution of stock solutions with double-distilled water just before use. In the pH range of 5.0 -9.0, phosphate buffer was prepared by mixing various proportions of the same concentration of Na2HPO4 solution and NaH2PO4 solution. When the pH value was less than 5.0, the buffer was prepared with NaH2PO4 solution, adjusted with 1.0 M H3PO4 to an appropriate pH value, while the buffer with a pH value higher than 9.0 was prepared using a Na2HPO4 solution adjusted with 1.0 M NaOH.
Human urine was provided by a healthy male volunteer. The collected urine sample was stored in a 4˚C refrigeratory, and was diluted by 20-fold just before analysis. Prior to analysis, all sample solutions and the buffer were filtered through a 0.22 μm cellulose acetate membrane.
Apparatus
The CE-ECL detection system (Xi'an Remax Electronics Co. Ltd., Xi'an, China) consisted of a high-voltage power supply (0 -20 kV), an electrochemical potentiostat, a chemiluminescence detector, and a data processor. A fused-silica capillary (25 μm i.d., 360 μm o.d.) with a length of 45 cm was obtained from Yongnian Optical Fiber Factory (Hebei, China). The capillary was rinsed with 100 mM NaOH overnight before the first use. During the whole experiment, it was flushed in turn with 100 mM NaOH overnight, double-distilled water for 5 min and running buffer for 5 min before use every day; it was then equilibrated for 10 min under the separation conditions until a constant ECL baseline was obtained. Electrokinetic sample injection was carried out at anode with 10 kV voltages for the desired time. The separation voltage was fixed at 15 kV. The construction of the ECL detection cell used in this study has been shown in the previous work. 34 End-column CE-ECL detection was carried out with a conventional three-electrode system, which consisted of a working electrode (platinum disk, 500 μm in diameter), a counter electrode (platinum wire, 1 mm in diameter) and a laboratory-made Ag/AgCl reference electrode (in saturated KCl solution). The detection cell (300 μL) was fullfilled with a certain concentration of Ru(bpy)3 2+ in 100 mM phosphate buffer, which was refreshed every 3 h in order to maintain the reproducibility of the results. The inlet end of the capillary was held at a positive potential, and the outlet end was maintained at ground. The distance between the working electrode and the outlet of the capillary was set at 150 μm with the aid of an optical microscope. The photomultiplier tube (PMT) positioned under the detection cell, was biased at 900 V. The ECL signals were processed with a data processor controlled by a personal computer. All experiments were carried out at room temperature.
Electrode preparation
The preparation of a working electrode was the same as previously reported. 40 In brief, a 500 μm diameter platinum wire (1 cm-length) was welded to a 10 cm-length copper wire. It was then inserted into a polypropylene plastic pipette and sealed with epoxy resin, and cured at room temperature. The working electrode was polished with pieces of sandpaper (0.3 μm and 0.05 μm α-Al2O3 in turn) until a mirror-smooth surface appeared. It was then sonicated for 2 min and rinsed with double-distilled water to make it sufficiently clean. Prior to use, the electrode was scanned in 1.0 M H2SO4 within a potential range between -0.2 and 1.5 V (vs. Ag/AgCl) until a cyclic voltammogram characteristic of a clean Pt electrode was obtained.
Results and Discussion
Behavior of AT and ME enhancement Ru(bpy)3 2+ ECL
The behavior of AT and ME enhancement Ru(bpy)3 2+ ECL was studied through static experiments. As shown in Fig. 2 , there was no ECL intensity at a Pt electrode in 100 mM phosphate buffer (pH 7.5) in the potential range from 0 to +1.35 V (curve a). When 1 mM Ru(bpy)3
2+ was added to 100 mM phosphate buffer, only a relatively weak ECL signal could be 184 ANALYTICAL SCIENCES FEBRUARY 2007, VOL. 23 seen (curve b). After AT (curve c) or ME (curve d) was added, very strong ECL emission was observed, as we expected from their chemical structures containing the secondary amine groups. The ECL intensity produced by ME was constantly larger than that of AT under the same conditions. The Bobbitt group 45 has investigated the effect of R groups attached to the α-carbon of the amine group on the Ru(bpy)3 2+ ECL intensity. In general, it has been found that electron-withdrawing groups tend to decrease the ECL intensity and that electron-donating groups increase the ECL intensity. AT contains an electronwithdrawing carbonyl group that is attached to the benzyl group, but ME contains an electro-donating alkoxy group attached to the benzyl group. Therefore, AT produced a lower ECL intensity compared with ME.
Hydrodynamic voltammograms (HDVs)
The ECL intensity is dependent on the rate of the lightemitting chemical reaction, and this reaction rate relies on the detection potential. Therefore, the effect of the detection potential on the ECL intensity of analytes was investigated by plotting the ECL intensity versus the detection potential to obtain the optimum detection potential. As shown in Fig. 3 , AT and ME displayed similar profiles in the studied potential range (1.0 -1.3 V). The ECL emission was hardly observed for a detection potential of 1.0 V. With increasing the detection potential, the ECL intensity increased rapidly and reached the maximum value at 1.15 V, and then decreased slightly. Therefore, 1.15 V was adopted as the optimum detection potential in following experiments. The ECL intensity of ME was greater than that of AT at each potential, which was in accordance with that of static experiments.
Optimization of separation conditions
The sample injection conditions influence CE-ECL detection. In brief, a longer injection time and a higher voltage led to a strong ECL signal. However, when a too-long injection time or too-high injection voltage was adopted, low resolution due to the introduction of more analyte in the capillary and overloading occurred. However, when a shorter injection time and a lower injection voltage were used, it would reduce the detection sensitivity, though high resolution could be obtained.
In our experiments, the samples were prepared in pure water.
The conductivity of the samples was much lower than that of the running buffer, thus resulting in an enhanced electric field at the injection end, and forming a field-amplified sample stacking technique, which improved the sensitivity. We fixed the injection voltage at 10 kV, and found that the ECL intensity increased linearly with the injection time ranging from 2 to 8 s. When the injection time was prolonged continuously, the ECL intensity deviated the linearity and the peak broadened. The reason was that the sample zone became longer with increasing the injection time, so the peak was retarded and broadened. Therefore, to compromise between the ECL intensity and the resolution, 8 s was selected as the optimal injection time in following experiments.
The pH value of the running buffer plays an important role in separation and detection, since it influences the electroosmotic flow (EOF) and the extent of ionization of each analyte. Thus, manipulation of buffer pH value is usually a key strategy for optimizing the separation and detection in CE. The effect of the pH value on the detection of AT and ME was investigated. We found that the strongest ECL emission for both AT and ME could be obtained when the running buffer pH value was at 8.5. Therefore, the optimum pH value for detection was set at 8.5 for further experiments (limit of detection, linearity range and reproducibility).
However, AT and ME could not be separated at pH 8.5. Therefore, the running buffer pH value was optimized for the separation of AT and ME. Figure 4 shows the effect of the running buffer pH on the separation of AT and ME with 10 mM phosphate buffer at a pH value varying from 2.0 to 5.0, while the separation voltage was 15 kV and the pH value of phosphate buffer in the detection cell was set at 8.0. There was an obvious dependence of the resolution and the migrating time of AT and ME on the separation buffer pH that could be seen. The pKa values of AT and ME are 9.6 and 9.7, respectively. 46 AT and ME were absolutely protonated in the studied pH range. When the buffer pH value decreased from 5.0 to 2.0, the electroosmotic mobility decreased, but the electrophoresis mobility of AT and ME remained unchanged. Therefore, the resolution and migrating time of AT and ME were simply influenced by the speed of the electroosmotic flow. When the buffer pH value was 5.0 or higher, the ECL peaks of AT and ME overlapped completely, and only one peak was observed (Fig. 4a) . When the pH decreased to 4.0, the two peaks were 185 ANALYTICAL SCIENCES FEBRUARY 2007, VOL. 23 separated partially (Fig. 4b) . The baseline-resolved peaks could be obtained at pH 3.0 (Fig. 4c) . However, when the buffer pH decreased to 2.0, the ECL peaks of AT and ME overlapped partially again (Fig. 4d) . This was most likely due to increased electromigration dispersion from a reduction in the sodium ion concentration at pH 2, or perhaps from increased Joule's heating. Additionally, we found that the ECL intensity of AT and ME was lower in this pH range than that at pH 8.5. A possible reason is that there was a pH gradient existing between the buffer inside the capillary and the buffer in the detection cell, which perhaps changed the pH environment at the electrode surface. The effect of the separation buffer concentration on the resolution was also studied. In a previous study, Liu et al. 37 reported that the buffer concentration had a significant influence on the resolution. In our experiments, the effect of the buffer concentration was studied in the range of 10 -150 mM. The results suggested that the resolution was not improved when the concentration of buffer ranged from 10 to 50 mM; when the concentration was above 50 mM, the separation was worse with increasing the concentration. This was ascribed to the increased Joule's heating when the buffer concentration increased; thus, the peaks broadened. In order to obtain a shorter migrating time and ideal separation, a 10 mM phosphate buffer was adopted in the following experiments.
Optimization of detection conditions in the ECL cell
The mechanism of the Ru(bpy)3 2+ /amine ECL system in solution has been proposed as an oxidative-reductive process. 44, 47 In brief, Ru(bpy)3 2+ and amine are first oxidized on the electrode surface, and generate Ru(bpy)3 3+ and the radical cation of amine; then, the radical cation of amine is deprotonated to generate a strongly reducing intermediate radical; this radical can then reduce Ru(bpy)3 3+ to Ru(bpy)3 2+ *, and Ru(bpy)3 2+ * decays to the ground state and emits light. Bard et al. 48 proved that a radical cation of amine plays an important role in the generation of ECL. Therefore, the critical steps involved in this proposed mechanism were electron transfer and the deprotonation of amine.
According to the mechanism of Ru(bpy)3 2+ /amine ECL, there were several factors in the detection cell that influenced the ECL intensity, including the concentration and pH value of the buffer and the concentration of Ru(bpy)3 2+ . The concentration of Ru(bpy)3 2+ mainly influenced the kinetics of the ECL reaction. In our ECL detection system, Ru(bpy)3 3+ was in situ generated from Ru(bpy)3 2+ on the electrode surface, followed by reactions with the analytes. The electrogenerated Ru(bpy)3 3+ was the stoichiometrically limiting reagent for the ECL reaction (Ru(bpy)3 3+ :amine = 2:1). 45 Therefore, increasing the concentration of Ru(bpy)3 2+ resulted in an increased concentration of Ru(bpy)3 3+ , and thus an increased ECL intensity. However, the background noise increased with increasing Ru(bpy)3 2+ concentration. Moreover, Ru(bpy)3 2+ was expensive from a practical point of view. In order to obtain a high ratio of the signal to noise, the concentration of Ru(bpy)3 2+ was fixed at 5 mM.
As previously reported, the ECL intensity of the Ru(bpy)3 2+ /amine system strongly depended on the pH value at which the reaction was conducted. The optimum signal-tonoise ratio could be obtained when the buffer pH was at slightly basic. 49 A pH study was carried out in our experiments to determine the effect of the buffer pH on the Ru(bpy)3 2+ ECL intensity of AT and ME over a wide range of pH values (from 5 to 10, 0.5 as an interval). As can be seen from Fig. 5 , the ECL emissions of AT and ME were the strongest at the pH value of 8.5.
The ECL intensity of these compounds increased significantly from pH 6.0 to 8.5, while it was faint under acidic conditions. This clearly showed that the deprotonation step at the secondary amino group was the most important factor to affect the ECL intensity, as reported by Brune and Bobbitt. 49 They showed that the ECL intensity of amino acids was greatly enhanced if the ECL measurement was performed at pH values higher than the pKa values of the amine acids. In our study, the maximum ECL intensity of AT and ME was observed at the buffer pH near the pKa values of the compounds. It was noticed that the ECL intensity was slightly decreased when the pH value was higher than 8.5. It is possible that the reaction of Ru(bpy)3 3+ and OH -consumed the reactant with increasing pH value, and thus resulted in a decrease of the ECL intensity. 30 
Reproducibility, detection limits and linearity
The optimized CE-ECL detection conditions were as follows: detection potential, 1.15 V; 5 mM Ru(bpy)3 2+ and 100 mM phosphate buffer at pH 8.5 in the detection cell; running buffer, 10 mM phosphate buffer at pH 8.5; sample injection, 8 s at 10 kV.
Under the optimum detection conditions, the reproducibility of the method was tested by consecutive injection of 10 μM AT and ME standard solution (n = 8). The relative standard deviations (RSD) of the ECL intensity and the migration time were 2.65 and 0.22% for AT, and 2.82 and 0.34% for ME, respectively. The linearity of the ECL peak height was also evaluated using different concentration standard solutions ranging from 0.075 to 1.0 μM (0.02 -0.27 μg mL -1 ) for AT, and 0.05 to 10 μM (0.01 -2.67 μg mL -1 ) for ME. The correlation factors (r 2 ) were 0.9996 and 0.9984 for AT and ME, respectively. The detection limits (S/N = 3) were 0.075 μM (0.02 μg mL -1 ) for AT and 0.005 μM (0.001 μg mL -1 ) for ME. A comparison of the results obtained by our method with others is clearly shown in Table 1 . As can be seen, the detection limits of AT and ME, obtained by our method, were lower than that of HPLC coupling with a capacitively coupled contactless conductivity detector (HPLC-C4D), 14 HPLC-ECL 17 and CE-UV, 21 and were comparable to HPLC-MS, 16 but were higher than that of HPLC-MS/MS. 15 
Analysis of urine sample
The proposed CE-ECL technique was employed to determine AT and ME in human urine samples. In our experiments, only 186 ANALYTICAL SCIENCES FEBRUARY 2007, VOL. 23 dilution and filtration were employed in the sample pretreatment process because urine does not contain significant amounts of proteins, which tend to absorb onto the capillary and poison the electrode as plasma or serum. Therefore, the analytes were directly added into a diluted urine solution to simulate the real sample. Figure 6 shows electropherograms of (a) 2.5 μM AT and ME standard solution, (b) 20-fold diluted blank urine sample, (c) 20-fold diluted urine spiked with 2.5 μM AT and ME. It can be seen (Figs. 6b and c) that the electropherogram of 20-fold diluted urine spiked with 2.5 μM AT and ME had no interference from the urine matrix. The recoveries of AT and ME with different concentrations in urine were 97 -105% and 97 -99%, respectively. The reproducibility was assessed by the injection of 10 μM AT and ME spiked urine samples. The RSD (n = 6) of the ECL intensity and the migration time were 2.86 and 0.37% for AT, and 3.06 and 0.45% for ME, respectively. These results indicated the potential application of the developed CE-ECL method in clinic and sports for the determination of AT and ME.
Conclusions
A simple method, CE-ECL, has been developed to determine two β-blockers in spiked human urine. By optimizing the separation and detection conditions, the two β-blockers could be baseline-resolved within 20 min. The results obtained by our method were superior or equivalent to those obtained by other methods. In brief, the approach of CE-ECL based on Ru(bpy)3 2+ showed good performance in terms of selectivity, sensitivity and reproducibility. The method could be a good tool for the analysis of AT and ME in urine, and suggest potential applications in clinics and sports. Fig. 6 Electropherograms of (a) 2.5 μM AT and ME standard solutions, (b) 20-fold diluted blank urine sample, (c) 20-fold diluted urine spiked with 2.5 μM AT and ME. Conditions as in Fig. 5 .
